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This  wind  tunnel  study  investigated  the  feasibility  of 
using  a  sting  and  force  balance  to  measure  the  aerodynamic 
forces  and  moments  on  a  circulation  control  wing.  A  20% 
thick,  8.5%  camber,  single  blowing  slot,  rectangular  wing 
was  designed,  built,  and  tested  in  the  AFIT  5-ft  wind 
tunnel.  Lift  and  drag  coefficients  were  referenced  to  the 
stability  axis.  The  Reynolds  number  for  all  tests  was 

J 

9xl05;  angle  of  attack  was  varied  from  -6  to  +6  degrees. 

Trends  in  the  data  were  similar  to  two  dimensional  data, 
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AN  EXPERIMENTAL  STUDY  OF  A  STING-MOUNTED 
SINGLE-SLOT  CIRCULATION  CONTROL  WING 

I.  Introduction 

, Background 

The  development  of  V/STOL  aircraft  remains  a  challenge 
that  needs  to  be  met.  As  aircraft  cruise  speeds  become 
increasingly  faster,  so  do  their  takeoff  and  landing  speeds. 
The  result  of  this  is  increased  runway  length  needed  for 
safe  operation,  as  well  as  increased  wear  and  tear  on 
landing  gear  components.  For  civilian  applications  V/STOL 
aircraft  permit  shorter  runways  and  reduced  noise  footprints 
due  to  steeper  climbout  angles.  Military  aircraft  benefit 
from  V/STOL  technology  by  being  able  to  operate  off  runways 
made  shorter  through  design,  necessity,  or  e-emy  munitions. 
Steeper  climb  and  descent  angles  of  tactical  airlift 
aircraft  also  reduce  the  exposure  time  to  small  arms  fire 
from  the  ground. 

Many  techniques  exist  for  obtaining  the  high  lift 
coefficients  required  by  V/STOL  aircraft.  These  include 
tilt  wings,  tilt  rotors,  vectored  thrust,  and  blown  flaps. 
One  disadvantage  of  these  systems  is  the  requirement  of 
complex  mechanical  devices  for  their  operation.  One  fairly 
simple  technique  that  exists  for  increasing  lift  is 
circulation  control.  Circulation  control  wings  use  the 
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Coanda  effect  to  increase  the  circulation  around  a  wing  and 
hence  the  lift.  This  effect  is  due  to  the  familiar  Kutta- 
Joukowski  theorem,  which  states  the  lift  is  proportional  to 
the  circulation  (T)  around  the  airfoil.  This  equation  takes 
the  form 

L-pvT  (1) 


with 


V  -  j  V-d§ 


(2) 


where  • d§  is  the  dot  product  of  the  velocity  vector  and  a 
differential  length  around  the  closed  curve  c. 

The  trailing  edge  of  a  circulation  control  airfoil  is 
characteristically  blunt,  typically  circular.  The  Coanda 
effect  describes  the  adherence  of  a  low  pressure  sheet  of 
air  to  the  curved  trailing  edge  of  an  airfoil.  This  occurs 
due  to  a  balance  between  the  centrifugal  force  in  the  jet 
and  the  reduced  pressure  on  the  surface  due  to  the  jet 
velocity.  For  low  blowing  rates  the  jet  sheet  serves  as  a 
boundary  layer  control,  reenergizing  the  boundary  layer  and 
delaying  separation.  At  higher  blowing  rates  the  forward 
and  aft  stagnation  points  begin  to  move  towards  the  bottom 
of  the  airfoil,  increasing  the  circulation  and  hence  the 
lift. 
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Much  research  has  been  done  in  the  area  of  circulation 


control  airfoils.  Kind  and  Maull  (1:170-182),  in  their 
investigation  of  a  low  speed  circulation  control  airfoil, 
obtained  lift  coefficients  greater  than  3.0.  Williams  and 
Howe  (2:9)  were  able  to  obtain  a  lift  coefficient  of  6.30 
using  a  20  percent  thick,  5  percent  cambered  airfoil. 

Later,  Englar  (References  3  and  4)  was  able  to  obtain  lift 
coefficients  as  high  as  6.5  at  low  blowing  rates.  In 
addition  to  wind  tunnel  studies,  flight  tests  on  aircraft 
have  been  made  using  circulation  control  wings  (CCW) .  Both 
Loth  (5)  and  Grumman  Aerospace  Corporation  (6;  modified  and 
successfully  flew  demonstrator  CCW  aircraft. 

Considerable  research  has  also  taken  place  at  AFIT.  A 
Master's  thesis  by  Harvell  (7)  found  under  some 
circumstances  for  a  given  blowing  rate  two  slots  are  better 
than  one.  Splitter  plate  effects  on  circulation  control 
airfoils  have  also  been  investigated  (8). 

Present  Study 

Although  there  is  a  great  deal  of  literature  on  two 
dimensional  circulation  control  airfoils,  little  research 
has  been  done  using  three  dimensional  models.  Recently, 
Trainor  (9)  tested  a  three  dimensional  model  in  the  AFIT 
wind  tunnel.  His  results  show  that  using  a  sting  and  force 
balance  for  data  acquisition  is  feasible  and  can  give  good 
results  if  adequate  corrections  are  made  to  the  data. 


Trainor  also  found  that  Interference  from  the  sting  and  air 
supply  hoses  was  disrupting  the  flow  at  the  trailing  edge 
and  preventing  strong  Coanda  turning.  His  recommendations 
for  model  changes  were  incorporated  into  the  model  used  in 
this  study. 

For  the  study  presented  here,  a  single  blowing  slot, 
rectangular  wing  was  designed,  built,  and  tested  in  the  AFIT 
5-ft  wind  tunnel  at  a  Reynolds  number  of  9xl05.  Force  data 
were  collected  using  a  sting  and  0.5-in.  force  balance. 
Pressure  data  were  taken  and  used  to  correlate  force  balance 
findings  and  determine  Coanda  turning  effectiveness. 
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II.  Test  Item  Description  and_. Instrumentation 


Wing  Model 

The  model  constructed  for  this  test  was  a  20-percent 
thick/  8.5-percent  cambered,  rectangular  wing  with  a  single 
trailing  edge  blowing  slot.  Photos  of  the  model  installed 
in  the  wind  tunnel  are  shown  in  Figure  1.  The  elliptic 
airfoil  had  the  same  basic  cross  section  as  that  tested  by 
Harvell  (7)  and  Trainor  (9) .  Figures  2  and  3  show  the  wing 
cross  section  and  provide  details  on  the  geometry  of  the 
model.  The  primary  structural  material  was  3/32-in. 
aluminum,  with  a  0.045-in.  fiberglass  skin  providing  the 
upper  airfoil  surface.  Since  the  sting  entered  the  model 
through  the  trailing  edge,  the  trailing  edge  slot  was 
divided  into  a  right  and  left  9.90625-in.  slot  fed  by  plenum 
chambers  within  the  model. 

Trainor' s  model  was  used  as  a  guideline  for  sizing  the 
planform.  The  0.5-in.  force  balance  used  in  the  wind  tunnel 
had  limits  of  200  lbf  normal  and  50  lbf  axial  force.  Tests 
were  planned  using  a  Reynolds  number  approaching  106.  The 
maximum  dynamic  pressure  in  the  tunnel  was  calculated  to  be 
no  greater  than  42  psf.  A  CLmax  of  3.0  was  assumed  based  on 
Harvell' s  work  (it  turned  out  this  was  being  overly 
optimistic) .  From  these  considerations  the  maximum  model 
planform  area  was  calculated.  Assuming  a  chord  (c)  of  10 
inches,  the  model  span  was  then  computed  as  23.25  inches. 
This  yielded  a  total  blowing  slot  length  of  19.8125  inches 
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odel  Mounted  in  Tunnel  Looking  Upstream 


Figure  1.  Model  Mounted  in  Wind  Tunnel 
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and  provided  a  1.0625-in.  region  at  midspan  to  mount  the 
•ting  and  run  desired  pressure  tap  hoses.  One-inch 
elliptical  fiberglass  wing  tips  (visible  in  Figure  1) 
brought  the  total  span  to  23.25  inches;  the  model  aspect 
ratio  was  2.235.  The  maximum  chord/tunnel  height  ratio  of 
0.25  proposed  by  Wood  (10:4)  for  circulation  control  wings 
was  met  by  the  model.  However,  the  low  aspect  ratio  fell 
3hort  of  Wood's  recommended  aspect  ratio  of  4.0.  It  was 
felt  the  low  aspect  ratio  of  the  model  contributed  strongly 
to  reduced  performance  of  the  wing — lift  coefficients  were 
much  less  than  expected.  Wood's  explanation  for  this  is 
that  interference  caused  by  the  tunnel  walls  produces 
unknown  downwash  effects. 

Although  a  force  balance  was  used  to  determine  force 
coefficients  for  the  model,  pressure  data  were  also  desired. 
Following  Pope  and  Rae  (11:229)  a  total  of  58  pressure  taps 
were  placed  at  three  spanwise  locations  (Table  1) .  A  single 
total  pressure  tap  was  located  inside  both  the  right  and 
left  plenum  chambers  near  the  Coanda  surface  to  determine 
plenum  stagnation  pressure. 

The  trailing  edge  Coanda  surface  and  blowing  slot  were 
designed  following  Englar's  work  (4:3).  A  trailing  edge 
radius-to-chord  ratio  (r/c)  was  desired  between  0.02  and 
0.05  to  provide  effective  Coanda  turning.  In  addition  it 
was  desired  to  maintain  a  slot  height-to-trailing  edge 
radius  (h/r)  <  0.05.  Combining  the  two  ratios  yielded  a 
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Table  1.  Pressure  Tap  Locations 


Each  position  had  both  an  upper  surface  tap  and  a 
corresponding  lower  surface  tap. 


left  side  6-in. 

left  side  10-in. 

right  side  6-in. 

from  wing  tip 

from  wing  tip 

from  wing  tip 

x/c 

x/c 

x/c 

0.00 

0.00 

0.00 

0.025 

0.050 

0.10 

0.10 

0.10 

0.20 

0.30 

0.30 

0.30 

0.40 

0.50 

0.60 

0.60 

0.60 

0.70 

0.80 

0.90 

0.90 

0.90 

0.94 

0.94 

0.94 

0.97 

0.99 

1.00 

9 


desired  slot  height-to-chord  ratio  of  0.0005  £  h/c  <  0.0025. 
With  a  slot  height  of  0.015  inches  and  a  trailing  edge 
radius  of  0.56  inches,  h/c  =  .0015,  h/r  =  .0268,  and  r/c  = 
.056.  Although  r/c  was  slightly  higher  than  recommended  by 
Englar  (4) ,  this  was  deemed  acceptable  in  light  of  the  other 
parameters  being  within  limits.  Six  slot  height  adjustment 
screws  were  provided  to  maintain  the  slot  height  at  the 
desired  value;  these  were  adjusted  to  maintain  an  even 
velocity  profile  across  the  slot.  To  encourage  the  flow  to 
exit  tangentially  to  the  trailing  edge  the  slot  was  undercut 
slightly  following  Englar's  recommendation  (4:5).  Details 
of  the  trailing  edge  and  slot  design  are  shown  in  Figure  4. 

The  model  was  built  around  a  single  plenum  chamber 
divided  into  right  and  left  plenum  chambers  by  a  sting 
mounting  block  located  at  midspan  (Figure  5) .  The  large 
plenum  chamber  was  made  of  3/32-in.  thick  aluminum  plate 
bolted  together  and  sealed  with  epoxy.  Plenum  chambers  were 
supplied  with  blowing  air  via  a  single  removable  3/4-in. 
inside  diameter  copper  tube  entering  the  sting  mounting 
block  through  the  bottom  of  the  model.  A  fiberglass  fairing 
was  mounted  on  the  bottom  of  the  model  and  covered  the 
copper  air  supply  tube  as  it  ran  along  the  bottom  of  the 
model  (Figure  1) .  From  the  sting  mounting  block  the  air  was 
routed  to  a  slotted  air  distribution  tube  running  spanwise 
along  the  front  of  each  plenum  chamber.  To  provide  flow 
straightening  with  minimum  pressure  loss  1/4 -in.  honeycomb 
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Figure  4.  Trailing  Edge  and  Slot  Detail 


ALL  DIMENSIONS  IN  INCHES 
0  3/32'  ALUMINUM 


Figure  5 .  Plenum  Chamber  Plan  View 


I 

I 

I 


11 


screens  one  inch  wide  were  installed  spanwise  near  the  mid¬ 
chord  position.  A  chromel-alumel  thermocouple  installed  in 
the  left  plenum  chamber  measured  plenum  total  temperature. 
The  Coanda  surface  was  made  of  hollow  copper  tubing  turned 
down  on  a  lathe  to  a  0.56-in.  radius.  All  pressure  tap 
lines  were  routed  along  the  floor  or  on  top  of  the  plenum 
chambers  to  exit  within  the  l. 0625-in.  gap  at  the  trailing 
edge  between  the  blowing  slots. 

Blowing  Air  Supply  System 

The  blowing  air  supply  system  is  shown  in  Figure  6. 

Shop  air  at  approximately  100  psia  entered  a  cyclone 
separator  for  filtration  and  removal  of  moisture.  From 
there  the  air  was  routed  to  a  regulator  valve,  used  to 
maintain  the  plenum  pressure.  A  chromel-alumel  thermocouple 
installed  in  the  supply  line  measured  the  flow  temperature. 
The  air  then  flowed  through  a  shutoff  valve  to  a  calibrated 
0.5-in.  diameter  venturi  tube  flow  meter.  Two  50-in.  U-tube 
manometers  measured  the  pressure  upstream  of  the  venturi 
throat  and  at  the  throat  using  flange  taps.  Both  manometers 
were  referenced  to  atmospheric  pressure  and  produced  gauge 
pressure  readings.  A  1-in.  o.d.,  3/4-in.  i.d.  vinyl  hose 
was  routed  from  the  venturi  tube  to  the  model.  The  hose 
entered  the  tunnel  downstream  of  the  model  and  was  then 
routed  along  the  sting.  A  hose  clamp  secured  the  vinyl  hose 
to  the  copper  air  supply  tube  on  the  model. 
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APIT  5-ft  Wind  Tunnel 

The  AFIT  5-ft  wind  tunnel  at  Wright-Patterson  Air  Force 
Base  was  used  to  perform  all  tests.  This  tunnel  is  an  open- 
circuit,  closed-test  section,  continuous  flow  tunnel.  It 
has  a  contraction  ratio  of  3.7  to  1  and  a  5-ft  diameter  test 
section.  Tunnel  velocities  as  high  as  200  mph  are  provided 
by  two  counterrotating  12-ft  fans.  Total  pressure  for  the 
tunnel  is  assumed  to  be  atmospheric,  while  static  pressure 
is  taken  off  a  row  of  eight  static  ports  located  2.5-feet 
from  the  tunnel  mouth.  "Tunnel  q" ,  or  dynamic  pressure,  is 
measured  as  the  difference  between  the  total  pressure  and 
the  tunnel  static  pressure  and  is  displayed  on  a 
micromanometer  in  inches  of  water  (in.  H20) .  Tunnel  q  was 
calculated  each  time  for  the  given  static  conditions  to 
provide  the  required  Reynolds  number  and  maintained 
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throughout  the  test.  Tunnel  q  calculations  were  made  using 
a  MathCAD"  program.  The  turbulence  factor  for  the  tunnel  is 
1.5,  (11:147)  which  accounts  for  turbulence  produced  in  the 
tunnel  by  the  guide  vanes,  the  propellers,  and  tunnel  wall 
vibration.  To  compare  test  results  obtained  in  other 
tunnels  or  flight  tests  the  effective  Reynolds  number 
(defined  as  this  test's  Reynolds  number  times  the  turbulence 
factor)  should  be  used. 

Force  Balance  and  Data  Acquisition  System 

The  0.5-in.,  six-component  force  balance  (model 
designation:  Mark  V)  used  in  the  AFIT  5-ft  wind  tunnel  is 
made  by  the  Able  Corporation.  The  sign  convention  for  all 
loadings  is  shown  in  Figure  7.  Normal  force  limits  for  the 
N1  and  N2  strain  gages  are  100  lbf  each,  for  a  total  normal 
force  limit  of  200  lbf.  Side  force  limits  for  the  Y1  and  Y2 
gages  are  50  lbf  each,  the  axial  force  limit  for  the  AX  gage 
is  50  lbf,  and  the  rolling  moment  limit  is  40  in.-lbf. 
Excitation  voltage  for  all  strain  gages  is  supplied  by  a 
regulated  d.c.  power  supply. 

Prior  to  testing,  several  calibrations  were  necessary 
for  the  sting  and  force  balance.  First,  check  loads  were 
required  to  ensure  the  accuracy  of  the  existing  balance 
calibration  file.  A  series  of  ten-pound  weights  were  hung 
from  the  force  balance  without  the  model  installed  and  force 
measurements  made.  Each  gage  was  loaded  through  a 
calibration  body  mounted  on  the  balance  in  both  the  positive 
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N2 


ARRDW  INDICATES  POSITIVE  LOAD 


Figure  7.  Force  Conventions  for  Able  Corp.  Mark  V 
Six-Component  Force  Balance 


and  negative  directions,  with  the  exception  of  the  axial 
force  gage,  which  was  only  loaded  in  the  positive  direction. 
Maximum  load  in  the  Nl,  N2,  Yl,  and  Y2  directions  (positive 
and  negative)  was  60  lbf.  Maximum  load  in  the  AX  direction 
was  50  lbf. 

The  data  acquisition  system  was  used  to  record  the 
voltage  output  from  each  gage  for  each  applied  load.  This 
data  was  reduced  using  software  within  the  data  acquisition 
system  into  forces,  which  were  compared  to  the  known  applied 
loads.  All  forces  were  found  to  be  within  two  percent, 
which  verified  the  accuracy  of  the  force  balance  calibration 
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data.  Similar  check  loads  were  made  at  the  completion  of 
tests  with  the  model  installed  on  the  sting.  Two  pound 
weights  were  applied  to  the  top  of  the  model  and  force  data 
taken  until  a  total  of  10  pounds  was  applied  to  the  model. 
Comparing  applied  loads  with  reduced  force  data  aqain  showed 
accuracy  within  two  percent.  There  did  not  appear  to  be  any 
interference  between  the  model  and  the  force  balance. 

Higher  loads  were  not  applied  to  avoid  crushing  the 
fiberglass  upper  surface  of  the  model.  Loadings  in  other 
than  the  negative  N1  and  N2  directions  were  not  accomplished 
due  to  a  lack  of  equipment  capable  of  providing  the 
appropriate  loads. 

A  second  type  of  required  calibration  was  sting  angle 
due  to  bend.  This  was  an  angle-to-volts  curve  automatically 
generated  during  force  balance  calibration.  This 
calibration  curve  was  used  in  the  data  reduction  routines  to 
compensate  for  the  sting  bending  when  a  load  was  applied. 

The  results  of  this  curve  showed  up  in  the  reduced  data  for 
each  run.  Although  the  model  was  set  at  a  given  angle  of 
attack  for  each  test,  due  to  forces  generated  during  the  run 
the  model  would  actually  change  its  own  angle  of  attack. 

This  change  in  a  was  on  the  order  of  two  degrees  for  each 
run.  Compensating  for  the  change  in  a  will  be  explained 
further  in  the  section  on  data  reduction. 

The  third  calibration  required  was  an  angle-to-volts 
calibration.  The  model  was  mounted  on  the  sting  and  placed 
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at  known  angles  of  attack  using  an  inclinometer.  The 
voltage  output  from  a  position  potentiometer  connected  to 
the  sting  was  manually  recorded.  The  data  acquisition 
software  reduced  this  data  into  an  angle-to-volts  curve  used 
in  data  reduction.  This  curve  was  also  used  to  set  the 
model  at  the  required  angle  of  attack  for  each  run. 

The  data  acquisition  system  used  in  the  tunnel  affords 
the  user  complete  control  over  data  acquisition  and 
reduction,  as  well  as  displaying  final  output.  The  heart  of 
the  system  is  a  Zenith  Z-248  computer  with  an  80386  central 
processing  unit.  Other  hardware  includes  a  Hewlett-Packard 
HP  3852A  Digital  Acquisition  and  Control  Unit  (DACU)  and  a 
National  Instruments  IEEE-488  General  Purpose  Interface  Bus 
(GPIB) .  There  is  also  a  Model  780B/T  Pressure  Measurement 
System  (PMS)  made  by  Pressure  Systems  Incorporated  for 
pressure  data  collection;  this  will  be  discussed  later. 
Figure  8  is  a  diagram  of  the  data  acquisition  system 
hardware . 

Software  in  the  data  acquisition  library  allows 
complete  control  over  all  force  balance  calibrations,  model 
and  tunnel  configuration  data,  force  balance  data 
collection,  and  reduction  routines.  All  software  routines 
are  described  in  Reference  12.  The  system  has  the 
capability  to  run  external  programs  written  by  the  user;  one 
such  program  was  used  to  control  the  780B/T  PMS.  Other  data 
collected  by  the  data  acquisition  system  includes 
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PNEUMATIC  HOSES 
ELECTRICAL  CABLES 


FORCE  BALANCE 


Figure  8.  Data  Acquisition  System  Hardware 


atmospheric  temperature,  tunnel  static  pressure,  and  total 
pressure  at  the  base  of  the  sting.  Atmospheric  pressure 
(assumed  to  be  tunnel  total  pressure)  is  entered  manually 
and  is  required  for  calculating  tunnel  q  using  the 
incompressible  Bernoulli  equation. 

Pressure  Measuring  System 

Pressure  data  for  the  model  were  acquired  using  a  Model 
780B/T  Pressure  Measurement  System,  A  complete  description 
of  this  system  is  given  in  Reference  13.  The  system 
consists  of  a  Data  Acquisition  and  Control  Unit  (DACU) ,  a 
Pressure  Calibrate  Unit  (PCU) ,  an  interface  unit,  and 
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Electronically  Scanning  Pressure  (ESP)  modules.  Commands 
can  be  entered  from  the  front  face  of  the  780B/T  DACU  or 
through  an  IEEE-488  bus  and  a  system  controller,  such  as  the 
Z-248  computer.  The  system  provides  for  up  to  20000  samples 
per  second.  It  also  provides  for  rapid  on-line  calibration 
to  ensure  accuracy. 

The  PCU  contains  pneumatic  valving  and  three  highly 
accurate  quartz  pressure  transducers  used  to  calibrate  the 
ESP  modules.  A  100  psia  air  bottle  supplied  pressure  to  the 
PCU  for  calibrating  the  ESP  modules  and  controlling 
pneumatic  run/calibrate  valves  within  each  module.  Three 
separate  pressure  ranges  are  available  to  the  user.  Nine 
regulators  within  the  PCU  allow  the  user  to  set  a  low, 
medium,  and  high  calibration  pressure  for  each  pressure 
range.  The  user  can  also  supply  external  calibration 
pressures  to  the  PCU,  including  subatmospheric  pressures 
through  a  vacuum  pump  connection. 

The  ESP  modules  contain  32  ports,  with  one  pressure 
transducer  per  port.  The  modules  measure  a  differential 
pressure  across  each  port  (psid) .  For  this  test  each  module 
was  referenced  to  atmospheric  pressure.  Two  modules  were 
mounted  to  the  sting  with  their  pressure  ports  connected  to 
the  model  pressure  taps  using  conventional  pressure  tubing. 

Pressure  data  were  collected  simultaneously  with  force 
balance  data  through  the  data  acquisition  system.  Prior  to 
each  run,  the  ESP  modules  were  calibrated.  Upon  commands 
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from  the  system  controller  the  PCU  sent  100  psl  air  to  each 
module  to  trip  a  run/ calibrate  valve  to  the  calibrate 
position.  Preset  calibration  pressures  (set  via  the  PCU 
regulators)  were  then  sent  to  each  module  and  its 
corresponding  quartz  pressure  transducer  within  the  PCU. 

The  calibration  data  is  reduced  by  the  780B/T  DACU  into  a 
characteristic  equation  of  the  form 

P  =  C0+C1  (V) +C2  ( V2)  (3) 

where  P  is  the  unknown  pressure.  The  coefficients  CO,  Cl, 
and  C2  are  stored  for  each  port  in  the  780B/T  DACU  and  used 
to  calculate  pressures  taken  from  the  model.  Two  ESP 
modules  were  used  for  this  test,  a  ±5  psid  module  used  to 
measure  pressures  on  the  top  surface  of  the  model  (suction 
side)  and  a  +45  psid  module  used  for  the  lower  surface 
(pressure  side) ,  leading  edge,  and  plenum  chamber  pressures. 
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III.  Experimental  Procedure 


Model  Checkout 

Before  testing  of  the  model  began  several  checkout 
procedures  were  completed.  The  air  supply  hose  was 
connected  to  the  model  and  the  model  plenum  chambers  were 
pressurized.  No  leaks  were  found  in  the  model  itself , 
although  several  small  leaks  were  found  in  the  fitting  used 
to  secure  the  copper  air  supply  tube  to  the  model. 
Application  of  silicone  room-temperature  vulcanizing  (RTV) 
sealer  to  the  fitting  and  then  reinstalling  it  and  allowing 
the  RTV  to  cure  eliminated  any  leaks.  The  slot  height  of 
the  model  was  set  at  0.015-in.  using  a  feeler  gauge.  A 
pitot  tube  was  mounted  on  a  traversing  rod  and  adjusted  to 
measure  the  jet  velocity  at  the  slot.  Assuming  isentropic 
expansion  through  the  slot  allows  the  use  of  the  relations 

(4) 

and 

<5> 

with  the  Mach  number  defined  as 


Mj  -  JyRT] 


(6) 
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Using  algebra  and  the  above  relations  the  jet  velocity  can 
be  calculated  from 


Vj  = 


N 


2RTt^~\  -1  f  ~1 

Y 


(7) 


where  Pj  is  the  total  pressure  measured  by  the  pitot  tube 
and  Tt  is  the  total  temperature  measured  by  the  thermocouple 
inside  the  model.  The  initial  velocity  profile  with  the 
slot  height  set  at  0.015-in.  is  shown  in  Figure  9.  Several 
additional  velocity  profiles  were  calculated,  with  slight 
adjustments  made  to  the  slot  height  as  necessary  to  obtain 
as  uniform  a  flow  as  possible.  The  final  velocity  profile 
is  shown  in  Figure  10. 

After  pressurizing  the  model  it  was  mounted  on  the 
sting  and  pressure  tap  tubing  was  attached.  All  pressure 
tap  tubing  exited  from  the  1.0625-in.  gap  between  the  Coanda 
surfaces  at  the  trailing  edge  of  the  model.  The  pressure 
tap  hoses  were  carefully  routed  along  the  sting  to  prevent 
interference  with  the  force  balance.  Each  hose  was  checked 
for  blockage  and  proper  designation. 

Several  calibration  runs  were  required  before  testing 
began  to  account  for  the  weight  of  the  model  mounted  on  the 
sting.  The  first  of  these  was  the  angle-to-volts 
calibration  described  previously.  This  calibration  was  done 
with  the  tunnel  off  and  no  blowing  air  provided.  In 
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Figure  10.  Velocity  Profile  Across  Slot  After  Modifications 
with  ih=4 . 180xl0"3  slugs/sec 


addition  to  the  angle-to-volts  curve,  tare  slopes  were 
required.  Force  balance  data  were  taken  with  the  wind 
tunnel  off  for  angles  of  attack  varying  from  minus  six  to 
plus  sixteen  degrees  in  two  degree  increments.  This  data 
was  used  to  calculate  the  model  weight  and  obtain  the  model 
center  of  gravity  position  referenced  to  the  balance  center. 
These  values  were  stored  in  a  model  configuration  file  and 
were  used  during  data  reduction  to  account  for  the  weight  of 
the  model.  Tare  slopes  were  generated  for  the  model  both 
with  and  without  the  air  supply  hose  attached. 

Preliminary  Testing 

To  account  for  any  contributions  to  lift  and  drag  on 
the  model  caused  by  the  air  supply  hose,  tare  runs  were  made 
with  the  hose  both  on  and  off.  The  tunnel  was  started  and  a 
run  was  made  with  the  air  supply  hose  off  and  the  fiberglass 
fairing  installed  on  the  bottom  of  the  model.  Alpha  was 
varied  from  -6  to  +10  degrees  in  two  degree  increments. 

This  same  run  was  then  made  with  the  air  supply  hose 
attached  but  without  any  blowing  air  provided.  Values  of  CL 
with  the  hose  unattached  and  attached  are  shown  as  functions 
of  alpha  in  Figure  11.  Similar  curves  were  made  for  the 
drag  coefficient  CD  and  the  pitching  moment  CHte.  These  are 
shown  in  Figure  12  and  Figure  13,  respectively.  The  use  of 
these  graphs  will  be  explained  in  the  section  on  data 
reduction. 
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Figure  12 . Drag  Coeff icier vs . a  at  RE=9xl05 
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MOMENT  COEFFICIENT  ABOUT  L.E. 


ANGLE  OF  ATTACK  -  ex 


Figure  13.  Moment  Coefficient  About  L.E.  vs  a  at  RE=9xl05 
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A  second  test  required  was  determining  forces  on  the 
model  with  the  tunnel  off  and  blowing  air  provided.  For 
this  run  the  model  was  set  at  zero  degrees  angle  of  attack 
and  the  mass  flow  rate  was  varied  from  zero  to  maximum. 

This  data  was  used  to  correct  the  aerodynamic  coefficients 
in  the  final  analysis.  A  plot  of  normal  and  axial  forces 
produced  as  a  function  of  the  mass  flow  rate  is  shown  in 
Figure  14 . 

Model  Testing 

All  tests  were  run  at  a  Reynolds  number  of  9xl05.  This 
equated  to  a  tunnel  q  between  7.0  and  7.6  inches  of  H20, 
depending  on  atmospheric  conditions.  Runs  were  made  from  -6 
to  +6  degrees  alpha  in  two  degree  increments.  An  on-line 
calibration  of  the  pressure  modules  was  made  at  the 
beginning  of  each  run  to  ensure  accuracy  of  pressure 
measurements.  Testing  was  accomplished  by  varying  the 
blowing  rate  to  the  model  from  zero  to  maximum  and  back. 

The  mass  flow  rate  was  maintained  by  adjusting  the  pressure 
upstream  of  the  venturi  with  a  pressure  regulator.  At  each 
data  point  force  balance  and  pressure  data  were  taken  using 
the  data  acquisition  system.  The  HP-3852A  was  used  to  take 
model  plenum  chamber  and  blowing  air  supply  line 
temperatures.  Atmospheric  pressure  was  a  manual  entry  into 
the  Z-248  computer.  Pressure  tap  readings  in  the  mass  flow 
venturi  tube  and  atmospheric  temperature  were  recorded  by 
hand.  After  the  upstream  venturi  pressure  was  set, 
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conditions  were  allowed  to  stabilize  for  one  minute  to 
ensure  accuracy  of  the  pressure  readings.  After  the 
completion  of  the  first  set  of  tests  the  0,  +2,  +4,  and  +6 
degree  alpha  runs  were  repeated  with  slightly  higher  mass 
flow  rates. 
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IV.  Data  Reduction 


Data  recorded  from  the  acquisition  system  were  reduced 
to  the  following  coefficients:  lift  coefficient  (CL) ,  drag 
coefficient  (CD) ,  moment  coefficient  about  the  leading  edge 
(CHU) ,  pressure  coefficient  (Cp) ,  and  momentum  coefficient 
(CM) .  Aerodynamic  forces  were  referenced  to  the  stability 
axes.  For  a  description  of  this  axis  system  see  Pcpe 
(11:425).  Following  Englar's  work,  an  equivalent  drag 
coefficient  (CDa)  was  computed  and  used  to  calculate  an 
equivalent  lift-to-drag  ratio  (4:15). 

Momentum  Coefficient 

The  momentum  coefficient  for  a  circulation  control  wing 
is  defined  as  the  momentum  of  the  jet  issuing  from  the  slot 
nondimensionalized  by  dividing  by  the  dynamic  pressure  and 
the  wing  planform  area,  thus: 


(8) 


The  jet  velocity  is  calculated  by  assuming  isentropic 
flow  through  the  slot.  Using  the  relationships 

=(1*^4 

j  a)  Y  RTj 
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one  can  obtain  by  algebraic  manipulation 


Vj '  N 


irtL  , 

1Y-1, 


M 


(7) 


Note  that  Pj  is  the  static  pressure  in  the  jet  at  the  slot 
exit.  To  minimize  the  effects  of  model  geometry  Vj  is 
generally  calculated  assuming  expansion  to  free  stream 
static  pressure  (14:66).  Since  the  majority  of  literature 
calculates  Vj  in  this  manner  this  convention  was  followed  in 
this  report. 

The  mass  flow  rate  ihj  was  calculated  using  the  static 
pressures  measured  upstream  of  and  at  the  venturi  tube 
throat  in  the  air  supply  line.  The  temperature  was  also 
required;  this  was  measured  using  a  chromel-alumel 
thermocouple.  Assuming  isentropic  flow,  one  obtains 
(15:194) 


The  value  of  Y,  known  as  the  expansion  factor,  is  a  function 
of  the  pressure  and  area  ratios  Pg/P,  and  A2/A,,, 
respectively.  The  equation  for  Y  can  be  found  in  Reference 
15.  The  area  ratio  A2/A1  is  a  property  of  the  venturi  tube 
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flow  meter;  for  the  venturi  tube  flow  meter  used  in  this 
test  A2/A,-0. 35117. 

Lift  Coefficient 

The  orientation  of  the  two  normal  force  gages  N1  and 
N2,  as  well  as  the  axial  force  gage  AX,  is  shown  in 
Figure  15.  The  lift  coefficient  is  defined  as 

^  _  (N1+N2)  cos a-Atfsina  _ 

Cl  (l2) 


The  data  acquisition  software  automatically  applies  weight 
tares  to  the  measured  values  of  Nl,  N2,  and  AX  to  account 
for  the  weight  of  the  model.  Several  corrections  were  then 
made  to  the  computed  CL.  A  sampling  of  these  corrections 
(as  well  as  corrections  for  C0  and  CMte  described  later)  is 
shown  in  Table  2  for  a=0.  The  added  lift  obtained  due  to 
the  jet  reaction  was  found  using  the  force  vs.  mass  flow 
rate  curve  shown  in  Figure  14.  This  added  force  was 
nondimens ionalized  by  q,,  and  S. 

The  graph  in  Figure  11  was  used  to  correct  CL  for  the 
effects  of  sting  bend  and  the  presence  of  the  air  hose. 

This  data  was  generated  by  making  an  alpha  sweep  with  the 
tunnel  running  and  taking  force  measurements  with  the  air 
supply  hose  unattached.  The  run  was  then  repeated  with  the 
air  supply  hose  attached  but  no  blowing  air  supplied. 

The  value  of  alpha  calculated  by  the  data  acquisition 
software  was  greater  than  the  desired  angle  of  attack  read 
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ALL  DIMENSIONS  IN  INCHES 
Figure  15.  Orientation  of  Force  Gages 

off  the  position  potentiometer  due  to  sting  bend  and  had  to 
be  corrected.  Multiplying  the  slope  of  the  "HOSE  ATTACHED" 
curve  by  the  change  in  angle  of  attack  from  the  desired 
value  provided  a  second  ACL  term.  A  third  AcL  term  was 
found  by  calculating  the  difference  between  the  "HOSE 
ATTACHED"  and  the  "HOSE  UNATTACHED"  curves  at  the  desired 
angle  of  attack  (i.e.  -6,  -4,  +6  degrees).  The  three  ACL 
corrections  were  subtracted  from  the  computed  CL  to  yield  a 
corrected  CL.  This  corrected  CL  represents  the  lift  due  to 
circulation  control  at  a  given  angle  of  attack. 
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Drag  Coefficient 


Again  referring  to  Figure  15,  the  drag  coefficient  is 
defined  as 


( N1+N2 )  sinct+Aycosct 


(13) 


Corrections  similar  to  those  made  for  CL  were  made  to  C0. 

The  curve  shown  in  Figure  12  was  used  to  correct  CD  for  the 
effect  of  the  air  hose.  No  corrections  were  made  to  CD  for 
the  effect  of  the  jet  reaction. 

Equivalent  Drag  Coefficient 

Following  Englar's  work  (4)  an  equivalent  drag  term  was 
calculated  to  take  into  account  the  kinetic  energy  required 
to  produce  blowing.  This  equivalent  drag  term  allows  direct 
comparisons  to  be  made  with  unblown  wings.  Since  the  drag 
coefficient  can  be  negative  at  times  due  to  jet  reaction 
forces  (although  CD  never  became  negative  in  this  test) ,  the 
equivalent  drag  term  also  serves  to  avoid  unrealistic 
infinite  lift-to-drag  ratios  for  zero  drag.  Starting  with 
the  relationship 


D  +  .  AJCE 

m*as  v„A  time 
ihVj 
’  2v„ 


+ihvm 


-  D„ 


(14) 


This  can  be  nondiraensionalized  to 
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(15) 


The  second  term  in  the  expression  accounts  for  the  power 
required  to  supply  the  blowing  air,  while  the  last  term 
represents  a  ram  drag  inlet  penalty. 

Pitching.  Moment  About  the  LsadinsLEdga 

Using  Figure  15  once  more,  one  can  write  the  equation 
for  the  pitching  moment  about  the  leading  edge.  This  is 

_  -N1  (5 .0-1.05)  -N2  (5. 0  +  1. 05) 

CMlo - — - -  (16 


The  AX  force  did  not  contribute  to  the  pitching  moment  due 
to  the  force  balance  center  of  gravity  being  located  along 
the  model  chord  line.  Corrections  for  air  supply  hose 
effects  and  sting  bend  were  applied  to  CMle  using  the  graph 
in  Figure  13. 

Pressure  Coefficient 

As  mentioned,  pressure  data  were  taken  for  all  runs. 
The  pressure  coefficient  is  defined  as 


P-P. 

<7. 


(17) 


Since  the  ESP  modules  read  a  differential  pressure 
referenced  to  atmospheric,  and  tunnel  total  pressure  was 
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assumed  equal  to  atmospheric  pressure,  one  can  use  the 
Incompressible  Bernoulli  equation  to  reduce  the  above  to 


Table  2.  Representative  Data  Corrections 


a=*0,  RE“9xl05 

Corrections  to  CL 


CM 

measured  CL 

air  hose 

sting  bend 

jet  thrust 

Cl 

0.000 

0.280 

-0.003 

-0.034 

+0.001 

0.249 

0.003 

0.342 

-0.003 

-0.039 

-0.001 

0.305 

0.008 

0.412 

-0.003 

-0.041 

-0.002 

0.371 

0.013 

0.465 

-0.003 

-0.045 

-0.003 

0.420 

0.019 

0.532 

-0.002 

-0.052 

-0.004 

0.479 

0.025 

0.588 

-0.002 

-0.058 

-0.005 

0.528 

0.033 

0.637 

-0.002 

-0,062 

-0.005 

0.571 

0.040 

0.683 

-0.002 

-0.066 

-0.006 

0.612 

0.049 

0.735 

-0.001 

-0.072 

-0.007 

0.657 

0.058 

0.772 

-0.001 

-0.C75 

-0.008 

0.691 

0.069 

0.826 

-0.001 

-0.079 

-0.009 

0.738 

0.079 

0.855 

-0.001 

-0.083 

-0.010 

0.762 

0.092 

0.913 

-0.001 

-0.088 

-0.015 

0.814 

0.103 

0.920 

-0.001 

-0.089 

-0.013 

0.819 

0.117 

0.969 

-0.001 

-0.094 

-0.014 

0.862 
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Table  2 .  continued 


Corrections  to  C0 


measured  CD 

air  hose 

sting  bend 

jet  thrust  CD 

0.000 

0.068 

-0.014 

-0.005 

-  0.050 

0.003 

0.069 

-0.014 

-0.005 

-  0.049 

0.008 

0.076 

-0.014 

-0.006 

-  0.056 

0.013 

0.083 

-0.014 

-0.006 

- -  0.063 

0.019 

0.093 

-0.014 

-0.007 

-  0.072 

0.025 

0.106 

-0.014 

-0.008 

-  0.084 

0.033 

0.120 

-0.014 

-0.008 

-  0.097 

0.040 

0.129 

-0.014 

-0.009 

-  0.106 

0.049 

0.144 

-0.014 

-0.010 

-  0.121 

0.058 

0.155 

-0.014 

-0.010 

-  0.131 

0.069 

0.173 

-0.014 

-0.011 

-  0.149 

0.079 

0.186 

-0.014 

-0.011 

-  0.161 

0.092 

0.201 

-0.014 

-0.012 

-  0.175 

0.103 

0.209 

-0.014 

-0.012 

-  0.183 

0.117 

0.226 

-0.014 

-0.013 

-  0.199 
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Table  2 .  continued 


Corrections  to  Cm# 


CM 

measured 

CMle 

air  hose 

sting  bend 

jet  thrust  CMU 

0.000 

-0.174 

-0.012 

+0.007 

-  -0.178 

0.003 

-0.212 

-0.011 

+0.008 

-  -0.215 

0.008 

-0.256 

-0.011 

+0.009 

-  -0.258 

0.013 

-0.289 

-0.011 

+0.010 

-  -0.290 

0.019 

-0.330 

-0.011 

+0.011 

-  -0.330 

0.025 

-0.366 

-0.011 

+0.012 

-  -0.364 

0.033 

-0.397 

-0.011 

+0.013 

-  -0.394 

0.040 

-0.426 

-0.010 

+0.014 

-  -0.422 

0.049 

-0.460 

-0.010 

+0.015 

-  -0.455 

0.058 

-0.484 

-0.010 

+0.016 

-  -0.478 

0.069 

-0.517 

-0.010 

+0.017 

-  -0 . 51Q 

0.079 

-0.536 

-0.010 

+0.018 

-  -0.528 

0.092 

-0.572 

-0.010 

+0.019 

-  -0.563 

0.103 

-0.578 

-0.010 

+0.019 

-  -0.568 

0.117 

-0.608 

-0.010 

+0.020 

-  -0.597 

Wind  Tunnel  Corrections 


Several  corrections  for  wind  tunnel  effects  were 
applied  to  the  test  data  during  data  reduction.  These 
corrections  are  explained  in  Pope  (Reference  11) ,  and 
include  solid  blockage,  buoyancy,  wake  blockage,  and 
downwash  corrections.  Solid  blockage  occurs  primarily  in 
closed-section  tunnels.  The  presence  of  the  model  causes  a 
curvature  of  the  streamlines  around  the  model,  particularly 
near  the  edges  of  the  tunnel.  This  squeezing  of  the 
streamlines  causes  an  increase  in  the  effective  dynamic 
pressure  in  the  tunnel,  and  hence  an  increase  in  all  forces 
and  moments  on  the  model.  Buoyancy  effects  are  due  to  the 
tunnel  boundary  layer  thickening  as  the  air  moves 
downstream.  This  thickening  reduces  the  tunnel  cross- 
sectional  area,  causing  an  increase  in  the  velocity  of  the 
tunnel  at  the  test  section.  This  increased  velocity  in  turn 
leads  to  a  reduced  pressure  in  the  tunnel  as  the  air  moves 
downstream,  which  is  a  favorable  pressure  gradient.  This 
pressure  gradient  tends  to  draw  the  model  downstream, 
affecting  drag  measurements.  Wake  blockage  affects 
primarily  drag  measurements,  and  is  similar  to  solid 
blockage.  Since  the  velocity  in  the  wake  is  less  than 
freestream  velocity,  to  satisfy  continuity  the  velocity 
outside  the  wake  must  be  greater  then  freestream.  This 
results  in  a  favorable  pressure  gradient,  which  again  tends 
to  draw  the  model  downstream.  The  final  correction  was  for 
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downwash  effects.  The  presence  of  the  tunnel  walls  in  an 
enclosed  test  section  tends  to  diminish  the  downwash  from  a 
wing,  which  leads  to  a  reduction  in  the  induced  drag. 

Although  not  considered  a  tunnel  boundary  correction, 
one  other  correction  was  made  for  dynamic  pressure  "skew" 
and  applied  during  the  reduction  process.  Previous  research 
in  the  AFIT  tunnel  discovered  the  dynamic  pressure 
calculated  from  the  static  ports  at  the  mouth  of  the  tunnel 
differed  from  the  measured  tunnel  q  in  the  test  section  by  a 
factor  of  1.019  (12:18).  This  factor  was  applied  during 
data  reduction. 
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V. 


Preliminary  Testing 

Initial  testing  was  concerned  with  establishing  uniform 
flow  across  the  left  and  right  slots.  Initially  the  slot 
heights  were  set  to  0.015-in.  using  a  feeler  gauge.  Using 
the  pitot  tube  and  traversing  rod  arrangement  discussed 
previously,  a  velocity  profile  across  the  slot  was  produced. 
The  original  profile  with  the  slot  height  fixed  at  0.015-in. 
is  shown  in  Figure  9.  Although  velocities  were  fairly  high 
for  the  blowing  rate  (4.125xl0‘3  slugs/sec)  the  uniformity 
across  each  slot  was  poor,  varying  from  168-722  ft/sec 
across  the  left  slot  (as  seen  looking  forward)  and  from  310- 
750  ft/sec  across  the  right  slot.  The  lowest  velocities 
were  encountered  at  the  edge  of  each  slot  out  near  the  wing 
tips.  Due  to  the  design  of  the  model  the  slot  height  was 
not  adjustable  at  the  edge  of  the  slot,  and  hence  the  low 
velocities  were  accepted  as  unavoidable  at  these  positions. 
Since  uniform  jet  velocity  across  the  slot  was  considered 
necessary  for  this  test,  the  slot  height  was  then  adjusted 
to  produce  a  more  uniform  profile.  This  resulted  in  the 
velocity  profile  shown  in  Figure  10.  Although  the  plenum 
chambers  contained  small  teardrop  shaped  mounting  blocks  for 
the  slot  adjusting  screws  (Figure  4  and  Figure  5)  there  were 
no  noticeable  velocity  variations  behind  the  blocks. 

Tuft  studies  done  on  the  Coanda  surface  showed  no 
significant  spanwise  flow  in  the  jet  sheet  and  strong 
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attachment  of  the  jet  sheet  through  90  degrees  as  measured 
clockwise  from  the  vertical  (i.e.  attachment  up  to  the 
trailing  edge) .  Pressure  data  taken  for  increasing  blowing 
rates  with  the  tunnel  on  showed  a  favorable  pressure 
gradient  maintained  on  the  Coanda  surface  up  to  90  degrees 
from  the  vertical,  with  the  onset  of  an  adverse  pressure 
gradient  past  that  angle.  This  data  agrees  with  Harvell, 
who  was  using  a  similar  model  cross  section  (Reference  7). 
Primary  Testing 

Lift  coefficient  vs.  momentum  coefficient  data  are 
shown  in  Figure  16  for  alpha  varying  from  -6  to  +6  degrees. 
This  data  follows  the  trend  for  circulation  control  wings. 
The  initial  slope  of  the  lift  curve  is  due  to  the  jet 
reenergizing  the  boundary  layer  and  delaying  separation, 
while  the  gradual  flattening  of  the  curve  represents 
supercirculation.  Supercirculation  is  defined  by  Englar  as 
a  "large  stagnation  point  movement  and  greater  circulation 
than  that  obtained  solely  by  entraining  the  boundary  layer" 
(14:2).  There  appears  to  be  little  dependence  on  angle  of 
attack  of  the  rate  of  lift  augmentation,  defined  as  dCL/dCM. 

Using  a  correction  for  3D  airfoils  developed  by  Maskall 
and  Spence  and  presented  in  Reference  16,  along  with 
McCormick's  (17:201)  correction  for  partial  span  blowing  and 
thickness  ratio  allowed  a  comparison  of  data  with  2D  data 
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presented  by  Harvell  (7:53).  A  factor  F  that  corrects  for 
aspect  ratio  and  momentum  coefficient  is  given  by 


_ AR  +  2Cjn _ 

AR  +  2  +  0.6  04C£'!+0.876C|l 


(19) 


where  AR  is  the  aspect  ratio  of  2.235.  Additional 
corrections  suggested  by  McCormick  for  partial  span  blowing 
are 


S'OCj/da)  +  ( S-S ')  OCj/aa) ,  Cu-0 
S(&C1/da ) 


(20) 


where  S'  is  the  wing  area  affected  by  blowing,  and  S  is  the 
total  wing  area.  These  factors,  along  with  a  thickness 
factor  of  (1  +  t/c) ,  where  t/c  is  the  model  thickness  ratio 
of  0.196,  produce  the  equation  to  convert  section  lift 
coefficients  to  3D  lift  coefficients: 


CL-  F(l  +  t/c)  UC1(c  u_o)+vCjta)  +C. 


(CV,  =  0.S  =  0) 


(21) 


The  value  for  CL  at  CM=0,  a=0  was  taken  from  Figure  16  and 
was  equal  to  0.2495.  Theoretical  and  experimental  lift 
coefficients  vs.  momentum  coefficient  data  are  shown  in 
Figure  17.  The  predicted  3D  lift  coefficients  were 
approximately  twice  the  measured  lift  coefficients, 
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LIFT  COEFFICEI 


MOMENTUM  COEFFICIENT  -  CM 


Figure  17.  Theoretical  and  Experimental  CL  vs.  Momentum 
Coefficient  at  a=0 
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particularly  at  higher  blowing  rates.  The  reason  for  this 
is  unclear.  Previous  comparisons  of  2D  airfoils  and  3D 
wings  using  these  corrections  have  shown  good  agreement 
(16:14) . 

Pressure  data  for  CM=0,  0.040,  and  0.117  and  a=0 
degrees  are  shown  in  Figure  18,  Figure  19,  and  Figure  20, 
respectively.  This  data  was  taken  from  a  row  of  pressure 
taps  located  6-in.  from  the  left  wing  tip.  Additional  taps 
located  at  10-in.  from  the  left  wing  tip  and  6-in.  from  the 
right  wing  tip  verified  the  spanwise  uniformity  of  the  flow. 
At  zero  blowing  rate  a  strong  suction  peak  formed  at  the 
leading  edge  on  the  bottom  surface  as  the  flow  accelerated 
around  the  blunt  leading  edge.  This  suction  peak  was 
decreased  as  the  blowing  rate  increased,  possibly  due  to  the 
forward  stagnation  point  moving  toward  the  bottom  surface  of 
the  wing  as  supercirculation  was  achieved.  The  leading  edge 
suction  peak  was  gradually  replaced  by  an  increasing  suction 
peak  at  the  trailing  edge.  This  trailing  edge  suction  peak 
gradually  moved  around  the  Coanda  surface  as  was 
increased  until  it  was  located  right  at  the  trailing  edge, 
signifying  attached  flow  was  maintained  at  least  90  degrees 
from  the  vertical.  Once  past  90  degrees,  however,  a  strong 
adverse  pressure  led  to  separated  flow. 
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Figure  18.  Pressure  Coefficient  vs.  Chordwise  Position 
for  RE=9xl05,  0^=0.000,  a=0  Degrees 
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Figure  19.  Pressure  Coefficient  vs.  Chordwise  Position 
for  RE=9xl05,  C  =0.040,  a=0  Degrees 
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Figure  20.  Pressure  Coefficient  vs.  Chordwise  Position 
for  RE=9xl05,  C  =0.117,  a=0  Degrees 
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Corrected  drag  coefficient  vs.  momentum  coefficient 
data  are  shown  in  Figure  20.  This  data  is  very  atypical  of 
circulation  control  wings,  and  could  be  caused  by  the  cir 
supply  hose  (which  was  taped  to  the  sting)  restricting  axial 
force  measurements  made  by  the  force  balance.  Circulation 
control  wings  tend  to  have  high  drag  coefficients  at  low 
blowing  rates.  This  is  due  to  their  blunt  trailing  edge 
causing  separated  flow  and  a  resulting  momentum  deficit 
behind  the  wing.  At  higher  blowing  rates  the  drag  tends  to 
decrease,  due  to  separation  being  delayed  through  boundary 
layer  control.  The  drag  can  be  negative  at  times,  due  to 
the  force  from  the  jet  reaction  being  greater  than  drag 
forces  produced  by  the  blunted  trailing  edge.  The  strong 
Coanda  turning  of  the  mode]  appears  to  be  reducing  the  jet 
reaction — turning  the  resultant  force  vector  down, 
increasing  the  normal  force  but  adding  very  little  axial 
force.  This  is  borne  out  by  the  low  jet  reaction  axial 
forces  generated  in  the  force  vs.  mass  flow  rate  graph  shown 
in  Figure  14. 

Pitching  moment  data  about  the  leading  edge  are  shown 
in  Figure  22.  The  large  nose  down  pitching  moments  are  due 
to  the  strong  suction  peak  at  the  trailing  edge  and  are 
characteristic  of  circulation  control  wings.  The  change  in 
pitching  moment  coefficient  with  a  change  in  momentum 
coefficient  appeared  to  be  independent  of  the  angle  of 
attack. 
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Lift-to-equivalent  drag  coefficient  vs.  lift 
coefficient  data  are  presented  in  Figure  23  for  various 
angles  of  attack.  These  curves  are  typical  of  circulation 
control  wings.  The  lift-to-equivalent  drag  ratio  peak  in 
each  graph  occurs  primarily  as  a  result  of  the  definition  of 
the  equivalent  drag  discussed  earlier.  Since  the  CM  term 
contains  a  Vj  term,  it  can  be  seen  that  the  second  term  in 
the  equivalent  drag  equation  increases  as  (Vj/v„)3,  and 
quickly  dominates.  The  effect  of  this  is  that  maximum 
efficiency  for  circulation  control  wings  occurs  at  lower 
blowing  rates,  and  not  at  the  point  of  maximum  CL. 
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DRAG  CO 


Figure  21.  Drag  Coefficient  vs.  Momentum  Coefficient 
at  RE=9xl05 


54 


FFICIEN 


55 


LI FT-TO- EQUIVALENT  DR 


d> 

O 


O 

<c 

Qd 

o 

< 


7.00 


6.00  H 


5.00  H 


4.00  H 


3.00  H 


2.00  H 


i.oo  H 


0.00 


-i.oo  H 


-2.00 


-3.00 


T 


0  0 


A  A 


A 

a 


+*  * 

* 

0 


o 

o 


°  □  A  0  .  x  * 

So  °  B  A  0  + 

*>  °o  qA  $  +  *  * 

O  D  4  Q  +  *  * 

°  o  a  o  +  Kx 
°  °  °d*a  ft  +  ,x* 

0  a  A  0  +  X  * 


OOOOO  ALPHA 
oaoaa  ALPHA 
AAA  A  A  ALPHA 
QQQQQ  ALPHA 
+++++  ALPHA 
x  *  *  «  *  ALPHA 
*****  ALPHA 


-6  DEG 
-4  DEG 
-2  DEG 
0  DEG 
+2  DEG 
+4  DEG 
+6  DEG 


t~ ]  i  i  ■  i  r  |  i  i  i  i  |  i  i  i  r-pr  r  i  i  |  i  i  i  i  |  <  i  t  i  | 


-0.50  -0.25  -0.00  0.25 


0.50 


0.75 


1.00 


1.25 


LIFT  COEFFICIENT  -  CL 


Figure  23.  Lift-to-Equivalent  Drag  Ratio  vs.  Lift 
Coefficient  at  RE=9xlO* 
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vi.  Sftn.ffIug.iong 


1.  Testing  of  circulation  control  wings  appears  to  be 
feasible  using  a  sting  if  proper  corrections  are  made  to  the 
collected  data  and  care  is  taken  to  avoid  interference  with 
the  force  balance  from  the  air  supply  hose.  Trends  were 
generally  in  accordance  with  2D  data,  with  the  exception  of 
the  drag  coefficient,  which  gave  results  opposite  of  what  is 
the  norm  for  circulation  control  wings. 

2.  Lift  coefficients  were  somewhat  lower  than  2D  data  and 
theory  suggested  they  should  be.  This  was  perhaps  a  result 
of  the  low  aspect  ratio  of  the  model  and  unknown  downwash 
effects.  It's  also  possible  the  lift  coefficients  were 
lower  than  expected  due  to  interference  from  the  air  supply 
hose. 

3.  Good  Coanda  surface  turning  and  adequate  momentum 
coefficients  were  achieved  with  the  available  air  supply. 
Fairly  uniform  slot  velocities  were  achieved  despite  having 
two  separate  plenum  chambers  in  the  model. 
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VII.  Recommendations 


1.  Further  testing  on  the  model  should  be  accomplished.  An 
investigation  of  slot  height  effect  on  performance  is 
warranted. 

2.  Testing  should  also  include  Reynolds  number  effects. 
Lower  Reynolds  numbers  would  allow  higher  momentum 
coefficients  due  to  lower  free  stream  dynamic  pressure. 

3.  A  new  method  of  supplying  blowing  air  to  the  model 
should  be  investigated,  perhaps  through  a  blowing  sting. 

The  presence  of  the  air  hose  attached  to  the  model  and  the 
sting  may  have  affected  force  readings. 

4 .  A  means  of  performing  check  loads  on  the  force  balance 
with  the  model  installed  and  the  air  supply  hose  attached 
should  be  developed.  Although  check  loads  were  made  on  the 
force  balance  without  the  model  installed,  only  limited 
check  loads  could  be  accomplished  with  the  model  installed 
on  the  sting.  This  was  due  to  the  lack  of  a  calibration 
harness  that  could  load  the  model  throughout  the  range  of 
expected  forces  without  damaging  it.  A  means  of  loading  the 
force  balance  throughout  the  expected  force  range  with  a 
model  installed  and  all  air  supply  hoses  connected  should  be 
investigated. 
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